Abstract: Phosphate minerals of apatite from three mines with different amounts of gangue minerals were activated by milling to increase their microcrystallinity and subsequent dissolution in a citric acid solution to serve as slow-release fertilizers for agricultural production. XRD (X-ray diffraction), FTIR (Fourier Transform Infrared), and SEM (Scanning electron microscope) were employed to characterize the properties of the prepared samples, such as changes in microcrystallinity, mineral composition, lattice structure, and granule morphology during the milling. With prolonged milling time, accompanied with the progress in microcrystallinity, the ratio of the formed amorphous compositions increased, resulting in higher dissolution in citric acid solution. In the case of carrot plants, the addition of the microcrystalline phosphate rock together with phosphorus bacteria allowed an efficient nutrient (P, K, and N) uptake as high as 77.0%, 36.7%, and 32.2%, which increased by 91.3%, 123.0%, and 105.2%, respectively, from the growth on an original soil without any addition, demonstrating clear contribution of the activated apatites in agricultural production.
Introduction
Phosphorus (P) is an essential nutrient for life-high P content is present in the DNA and RNA backbones and plays a crucial role in cell metabolism [1] . Phosphorus-based fertilizers have a key role in the agriculture field, for instance, for crops growth. Unfortunately, the high-grade (P 2 O 5 ≥ 30%) phosphate rock (PR) reserves are limited and may only support the world need for the upcoming 50 years. On the other hand, medium/low-grade PR (P 2 O 5 < 30%) reserves can support the world as long as 300 years but probably at higher costs [2] . The "reactivity" of PRs is influenced strongly by the extent of carbonate substitution for phosphate in the apatite minerals [3] . PRs are mostly apatites with varying physical, chemical, and crystallographic properties [4] . The most widely distributed, fine-grained, and economically valuable carbon-fluorapatite in sedimentary rocks is the most controversial [5] . There are a number of factors controlling their dissolution in soil and availability to plants coupled with the inability to predict their agronomic effectiveness in a given soil climatic and crop situation [6] . It is known that a high-intensity mechanical activation would cause the distortion of the grain lattice of the phosphate crystal and create micro-cracks within the particles [7] . Experimental studies confirmed via planting contrast testing that the presence of these cracks can improve the release rate of available phosphorus, enhancing the PR biological fertilizer efficiency [8] . Indeed, the reduction of particle size of the PR powder and the increased surface area facilitate the PR powder activation, which then occurs just at the beginning of milling. During the mechanical milling process, the material undergoes plastic deformation and destruction when the impact stress exceeds the elastic limit of the material. Plastic deformation causes a large number of dislocations within the material crystal, which then changes the crystal structure, forming a mechanical chemical activation point [9] . In general, the main reason for the increase in PR powder activity is attributed to the crystal defects, including the lattice strain and grain size reductions, as well as the formation of nanostructures during mechanical activation [10] . The main advantage of the mechanochemical method is that it enables the synthesis of nanomaterials in bulk, at ambient temperature, and in a very short processing time [11] . After the PR powder undergoes the ultra-microactivation treatment, the strong Ca-P bond in apatite is broken; however, the phosphate activities of PO 4 3− , HPO 4 2− , and H 2 PO 4 − have significantly increased.
Consequently, the phosphorus in the PR powder can be more easily absorbed by plants, displaying the higher fertilizer efficiency of the internal factors [12] . A high-energy input density requires a long microcrystalline duration as well as large specific surface area, causing serious damage to the crystal structure. Therefore, the XRD diffraction peak is significantly reduced as a result of crystal structure disintegration [13, 14] . Due to the difficulty in mineral processing via traditional methods [15] , the use of non-acid methods to process physically and mechanically medium/low-grade PR has become an inevitable trend. However, the difference between the amount of fertilizer usage in soil and that of its uptake by plants leads to the loss of the fertilizer and environmental pollution-the most direct consequence is the decrease in the quality and yield of crops [16] . Research and development shall continue to pursue new alternative innovative technology in terms of fertilizer production and use it to achieve these goals, that is, sustaining crop production and minimizing environmental impacts [17] . Phosphorus solubilizing bacteria play a role in phosphorus nutrition by enhancing its availability to plants through the release from inorganic and organic soil P pools by solubilization and mineralization [18] . In this study, different types and grades of PR were chosen and mechanochemically activated for the development of new, environmentally-friendly, highly efficient slow-release fertilizers. The obtained products were systematically characterized via different techniques including XRD, FTIR, and SEM. The changes of citric acid-soluble P content measurement, mineral composition, and crystal morphology were assessed before and after activation in macroscopic and microscopic scales. To understand the relationship between energy input, phosphorus release characteristics, and the change in the PR powder crystal during microcrystalline activation, we proposed a plausible activation mechanism. Finally, we also investigated the possible agricultural application of these novel fertilizers. Indeed, one of the most performing minerals was selected for application evaluation via a greenhouse pot experiment. This provides insights into the leap-forward development of the phosphorus and phosphating fertilizers for sustainable agricultural application.
Experimental Section

Raw Materials
In this study, raw materials containing Yunnan powder (PR1, collophanite) was provided by Yuntianhua Co, Ltd. (Kunming, China), the Hubei powder (PR2, metamorphosed sedimentary PR) was provided by Hubei Wuhe Yufeng Chemical Co, Ltd. (Zhongxiang, China), and the Henan powder (PR3, sedimentary PR) was provided by Henan Fengye Mining Co, Ltd. (Luoyang, China). They were collected from Qingda Powder Material Engineering Co, Ltd. (Zibo, China). The main chemical composition of these raw materials was analyzed (see in Table 1 ). All raw materials were crushed by a Jaw crusher (PE-250 × 400, Zhengzhou Linyang Machinery Equipment Co, Ltd., Zhengzhou, China) and then ground by an ordinary grinder (3R1410, Zhengzhou Yingsai Machinery Equipment Co, Ltd., Zhengzhou, China). PRs were sieved with 100-mesh and microcrystallized (WJH-02, developed by Tsinghua University). The performance of the prepared samples was characterized and analyzed for crop nutrient uptake and yields by potted applications. Phosphorus bacteria were collected from Jinan, Shandong Province. In order to prepare the samples, first of all, large blocks of PR1, PR2, and PR3 raw materials were crushed into small particles by a jaw crusher (PE-250×400). Then, these particles were converted into powder form through an ordinary grinder (3R1410), sieved through 100-mesh and milled for finer and micro-crystallized through a microcrystalline device (WJH-02).
The tank volume of the milling equipment was 2 L; the medium was steel balls. The mass fraction of the slurry concentration was 44%. Samples were dried at 105 • C and then prepared for characterization and chemical analysis. Moreover, for XRD analysis, the samples were sieved with 200-mesh to remove big particles.
Carrot Cultivation for Nutrient Characterizations
Pot cultivation of carrots was conducted at the greenhouse of Tsinghua University Organic Fertilizer Base in Beijing. The soil (aqui-cinnamon soil) was collected from Changping District, Beijing. The soil had a pH of 8.2 and 11.73 g/kg of organic matter. It also contained some nutrients including phosphorous, potassium, and nitrogen in concentrations of 18.2, 205.2, and 67.0 mg/kg, respectively. The carrot seeds were treated in hot water for 15 min and kept at 25 • C for three days. The cultivation was carried out for 94 days, after which three strains were taken as samples after harvest. Four comparison treatments were arranged: control (blank test without PR addition); ordinary PR powder (PRA, without milling operation) 16 g/pot; microcrystalline PR powder (PRB) 16 g/pot; and phosphorus bacteria 3.2 g/pot (PRC). Each treatment was performed randomly and repeated three times. All scientifically proven best cultivation practices were followed in this experiment. The weights of biomass after harvest were recorded. Active nutrients were also measured in post-harvest soil samples.
Characterizations of the Products
An ARL Perform'X X-ray fluorescence spectrometer (ThermoFisher, Waltham, MA, USA) was used to characterize the elemental composition of the sample. A SmartLab X-ray diffraction with CuK-Ni filtered radiation (Rigaku, Tokyo, Japan) of the samples was recorded in the 2θ scanning range of 10 • to 90 • and at a speed rate of 8.2 • /min. FTIR spectroscopy (Vertex 70) (PerkinElmer, Waltham, MA, USA) experiments were conducted with a DTGS (Deuterated triglycine sulfate) detector in the spectral range of 4000-400 cm −1 . Morphology and microstructure were identified by a Supra 55 field emission SEM (FE-SEM) (Carl Zeiss, Jena, Germany). HORIBA 7593-H energy dispersive spectroscopies (EDS) (HORIBA Scientific, Kyoto, Japan) associated with the SEM were used to characterize the chemical composition of PR powders. The soil-available phosphorus was extracted by sodium bicarbonate and measured via spectrophotometry. As a reference, the 2% citric acid-soluble is suitable for direct fertilizer application of most phosphate [19] . The data were analyzed using the statistical package of SPSS (SPSS software, Version 17.0, SPSS Institute Inc., New York, NY, USA) [20] , with all treatment effects determined using Duncan's multiple-range test. Significant treatment effects were presented at P ≤ 0.05.
Results and Discussion
3.1. Characterization of the Processed PR 3.1.1. Effects of the Microcrystalline Processing on Diffracted Intensity in PR Powders Figure 1 shows the XRD patterns of the PR1, PR2, and PR3 samples at different milling times. It is generally believed that the collophane is amorphous. Indeed, it is composed of apocrystalline or ultra-microcrystalline apatite microcrystals, as confirmed by electron microscopic results [21, 22] . Based on the phase analysis, it can be concluded that the PR1 is mainly composed of fluoroapatite [Ca 5 (PO 4 ) 3 (F,OH)] ( Figure 2 ) and quartz (SiO 2 ) phases ( Figure 1a ). The diffraction peaks from both phases in the PR1 sample did not change significantly. Compared to the raw materials, the (002), (211), and (300) crystal face diffraction peaks of [Ca 5 (PO 4 ) 3 (F,OH)] did not remarkably decrease, whereas the diffraction peaks of the quartz, the (110), and the (011) crystal faces increased slightly with the increase of milling time when compared to the raw materials. Indeed, a slight lattice distortion appeared in the microcrystalline PR1, whereas the crystal structure did not change significantly, which is consistent with the fact that the quartz is a mineral with a high degree of crystallinity and is difficult to grind.
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Characterization of the Processed PR
3.1.1. Effects of the Microcrystalline Processing on Diffracted Intensity in PR Powders Figure 1 shows the XRD patterns of the PR1, PR2, and PR3 samples at different milling times. It is generally believed that the collophane is amorphous. Indeed, it is composed of apocrystalline or ultra-microcrystalline apatite microcrystals, as confirmed by electron microscopic results [21, 22] . Based on the phase analysis, it can be concluded that the PR1 is mainly composed of fluoroapatite [Ca5(PO4)3(F,OH)] ( Figure 2 ) and quartz (SiO2) phases (Figure 1a ). The diffraction peaks from both phases in the PR1 sample did not change significantly. Compared to the raw materials, the (002), (211), and (300) crystal face diffraction peaks of [Ca5(PO4)3(F,OH)] did not remarkably decrease, whereas the diffraction peaks of the quartz, the (110), and the (011) crystal faces increased slightly with the increase of milling time when compared to the raw materials. Indeed, a slight lattice distortion appeared in the microcrystalline PR1, whereas the crystal structure did not change significantly, which is consistent with the fact that the quartz is a mineral with a high degree of crystallinity and is difficult to grind. With the increase of milling time, the characteristic diffraction peaks of fluorapatite and the associated SiO2 minerals gradually broadened in PR1. Furthermore, the diffraction peak gradually decreased as the PR powder lattice became distorted; as a consequence, the crystallinity decreased, and the degree of distortion increased. The (002) diffraction peak of the [Ca5(PO4)3(F,OH)] in the samples at 25.9° dropped sharply after 30 min. In the meantime, the (211) diffraction peak of [Ca5(PO4)3(F,OH)] at 32.0° appeared as the milling time became significantly lower until it dropped at 120 min. The (300) diffraction peak of [Ca5(PO4)3(F,OH)] at 33.2° underwent an upward trend before 30 min and beyond 90 min, whereas the overall trend decreased with the increase of milling time.
With the increase of milling time, the (110) diffraction peak of SiO2 at 20.9° decreased in the PR1 sample, while the (011) at 26.7° dropped sharply after 60 min. Consequently, the speed slightly decreased as the diffraction peak gradually decreased. Figure 1c ,d reveals the presence of fluorapatite [Ca5(PO4)3(F,OH)] and calcium carbonate (CaCO3) phases in PR2. In general, the intensity of the diffraction peak in XRD patterns declines with increased milling time. However, the intensity of the (002) peak at 25.9° and the (211) peak at 31.8° belonging to [Ca5(PO4)3(F,OH)], as well as the (104) peak at 29.4° attributed to CaCO3, increased, passing from a milling time of 5 min to 30 min; the diffraction peaks of (300) at 33.0° and (310) around 39.9° of [Ca5(PO4)3(F,OH)] appeared at a significantly high intensity at 5 min, 15 min, and 30 min. The number of (002), (211), (104), (300), and (310) levels may have increased the intensity of the diffraction peak. The diffraction peaks of every crystal face [Ca5(PO4)3(F,OH)] in the sample reached the lowest point after 150 min, with the peak intensity dropping by 24.4% (002), 10.6% (211), 24.5% (300), and 9.3% (310). In contrast, the peak intensity of CaCO3 decreased by 58.5%. Based on the physical phase analysis, we can conclude that fluorapatite crystals, quartz, and ferric oxide crystals (Fe2O3) exist in the PR3 (Figure 1b) . With the increase of the milling time, a decrease in diffraction peak intensity of all three phases in PR3 was observed with the value at 120 min being higher at 90 min and with the lowest value reported at 150 min.
The XRD results of the three selected PR powder samples illustrate the plastic deformation and defects on the surface of the powder particles, which could spread to the grain interior, whereas the crystal structures of the grains showed the slightly continuous destruction. Therefore, during the milling PR powder utilization, the overall trend of the main diffraction peaks was continuously declining. This was the major reason why particles allocated in a slightly damaged lattice led to low crystallinity. Indeed, all three PR powders had the lowest diffraction peak at 150 min, which indicated that the activity increased due to lowering crystallinity and an increasing degree of disturbance.
Under the action of multiple stresses, the main diffraction peaks widened, whereas the peak intensity gradually decreased with the increase of milling time. This implied that the crystal structure was destroyed, the crystal was completely deformed in the crystal structure, and the amorphous layer was continuously thickened. The probable cause of the resulting data was that carbonate in PR2 Figure 2 . Projection of apatite molecular structure perpendicular to c axis (purple, red, green, blue, pink spheres refer to F, O, P, Ca1, Ca2, respectively).
With the increase of milling time, the characteristic diffraction peaks of fluorapatite and the associated SiO 2 minerals gradually broadened in PR1. Furthermore, the diffraction peak gradually decreased as the PR powder lattice became distorted; as a consequence, the crystallinity decreased, and the degree of distortion increased. The (002) With the increase of milling time, the (110) diffraction peak of SiO 2 at 20.9 • decreased in the PR1 sample, while the (011) at 26.7 • dropped sharply after 60 min. Consequently, the speed slightly decreased as the diffraction peak gradually decreased. (104), (300), and (310) levels may have increased the intensity of the diffraction peak. The diffraction peaks of every crystal face [Ca 5 (PO 4 ) 3 (F,OH)] in the sample reached the lowest point after 150 min, with the peak intensity dropping by 24.4% (002), 10.6% (211), 24.5% (300), and 9.3% (310). In contrast, the peak intensity of CaCO 3 decreased by 58.5%. Based on the physical phase analysis, we can conclude that fluorapatite crystals, quartz, and ferric oxide crystals (Fe 2 O 3 ) exist in the PR3 (Figure 1b) . With the increase of the milling time, a decrease in diffraction peak intensity of all three phases in PR3 was observed with the value at 120 min being higher at 90 min and with the lowest value reported at 150 min.
Under the action of multiple stresses, the main diffraction peaks widened, whereas the peak intensity gradually decreased with the increase of milling time. This implied that the crystal structure was destroyed, the crystal was completely deformed in the crystal structure, and the amorphous layer was continuously thickened. The probable cause of the resulting data was that carbonate in PR2 affected the crystal of [Ca 5 (PO 4 ) 3 (F,OH)], and while the crystals of carbonate were wrecked, the crystal of [Ca 5 (PO 4 ) 3 (F,OH)] released stress and returned to its natural state. Quartz in PR1 and PR3 was harder than phosphate, thus it helped in showing the phosphate crystal wreck. The carbonate in PR2 was softer than phosphate, thus the PR2 was not showing a sharp decrease, but it first had a maximum and then declined more slowly than PR1 and PR3 [5] .
Effects of the Microcrystalline Processing on Relative Peak Area and Half-Width of PR Powders
The peak intensity mirrored the strength of the corresponding crystal orientation in the materials. By measuring the half-width values, the grain size could be calculated [23] . According to the XRD peak intensity value and the half-width value, the lattice distortion of minerals could be quantitatively investigated [24] . The relative peak area and half-width values are presented in Figure 3 .
With the increase of milling time, the relative peak areas of the PR1 and PR3 decreased, whereas their half-width values increased.
The relative peak areas of the PR1 and PR3 were insignificant at 150 min compared to the relative peak areas of PR1 and PR3 of raw materials, which were reduced by 39.8% and 23.1%, respectively. Simultaneously, the half-widths of the PR1 and PR3 reached the highest values, which, compared to the raw materials, increased by 19.8% and 46.4%, respectively. From a microcrystalline point of view, the crystal lattices of PR1 and PR3 changed remarkably, demonstrating that a microcrystalline processing can reduce the grain size and lead to a disordered crystal structure (Figure 3 ).
In addition, with the increase of milling time, the diffraction peak area of PR2 underwent a sharp decrease; however, the relative peak area increased by 34.4% at 30 min compared to that of the raw materials. The half-width value of PR2 gradually increased, subsequently displaying an increasing rising trend (Figure 3 The peak intensity mirrored the strength of the corresponding crystal orientation in the materials. By measuring the half-width values, the grain size could be calculated [23] . According to the XRD peak intensity value and the half-width value, the lattice distortion of minerals could be quantitatively investigated [24] . The relative peak area and half-width values are presented in Figure  3 .
In addition, with the increase of milling time, the diffraction peak area of PR2 underwent a sharp decrease; however, the relative peak area increased by 34.4% at 30 min compared to that of the raw materials. The half-width value of PR2 gradually increased, subsequently displaying an increasing rising trend (Figure 3 ). 
Effects of the Microcrystalline Processing on Infrared Spectrum of PR2
FTIR was employed to study the mineral-like isomorphism and morphology, as demonstrated by [25] . Figure 4 reports the IR spectra of PR2 at 0 min, 5 min, and 30 min. The three spectra demonstrate that PR2 belonged to the high-carbon fluoroapatite mineral [5] . In addition to the characteristic absorption of PO4 3− , the absorption band of CO3 2− could also be observed in the IR spectra of carbonate fluorapatite [26] . The peak at 3451 cm −1 corresponded to the stretching vibration of the phosphate hydration. The peak observed at 1042 cm −1 was a strong stretching vibration (V3) absorption, and at 1092 cm −1 , its shoulder was located. These two peaks were associated with the PO4 3− anti-symmetric stretching vibration. The peak at 1422 cm −1 could be related to the CO3 2− antisymmetric stretching vibration of the V3 absorption spectrum. The stretching vibration (V1) peak observed at 960 cm −1 corresponded to the PO4 3− symmetrical stretching vibration, whereas the 
FTIR was employed to study the mineral-like isomorphism and morphology, as demonstrated by [25] . Figure 4 reports the IR spectra of PR2 at 0 min, 5 min, and 30 min. The three spectra demonstrate that PR2 belonged to the high-carbon fluoroapatite mineral [5] . In addition to the characteristic absorption of PO 4 3− , the absorption band of CO 3 2− could also be observed in the IR spectra of carbonate fluorapatite [26] . The peak at 3451 cm −1 corresponded to the stretching vibration of the phosphate hydration. The peak observed at 1042 cm −1 was a strong stretching vibration (V3) absorption, and at 1092 cm −1 , its shoulder was located. These two peaks were associated with the PO 4 3− anti-symmetric stretching vibration. The peak at 1422 cm −1 could be related to the CO 3 2− anti-symmetric stretching vibration of the V3 absorption spectrum. The stretching vibration (V1) peak observed at 960 cm −1 corresponded to the PO 4 3− symmetrical stretching vibration, whereas the molecular vibrational (V2) peak at 875 cm −1 belonged to the CO 3 2− bending vibration.
At lower frequencies, we could observe the V4 vibration of 571 cm −1 and the sharp band of 601 cm −1 corresponding to the PO 4 3− bending vibration.
The spectral band intensity of the PR2 was affected by the different milling times. Indeed, the prolongation of the grinding time increased the peak intensity of 1422 cm −1 of CO 3 2− and a smaller change in the peak position of the V3 absorption peak appeared. This might have been a consequence of the difference in carbonate contents in the samples [26] . A change of the band of PO 4 3− could not be observed, as the entry of CO 3 2− had not significantly affected the apatite structure but had caused only fine structural changes. Due to the crystallinity of the PR2 raw materials sample being lower than the other samples, the particle size was lower. The specific surface area was higher, as were the substitution degrees of CO 3 2− and PO 4 3− after the mechanical-chemical treatment [27] .
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Effects of the Microcrystalline Processing on Amorphous Substance content of PR Powders
The microcrystallinity of particles focused on the importance of interactions forming chemical activity points. A crystal structure disorder led to the formation of dislocations and flows [23] . The changes in the XRD diffraction intensity could be used not only to characterize the degree of mineral crystallinity but also to estimate the relative amorphous content.
Based on the properties of the PR powder without milling, the mineral composition, the crystallinity of fluorapatite, calcium carbonate, quartz, and iron oxide together as 100%, and the content of amorphous material as 0%, the crystallization degrees (M) and the corresponding amorphous content (Rn) were calculated at different milling times using Equation (1) .
where M is the average percentage of the diffraction peak intensity of the mineral crystal plane relative to a crystallinity value of 100% [28] . Relative amorphous content of different types of milling products, as calculated through Equation (1), are shown in Figure 5 . With the increase of milling time, the relative amorphous contents of all PR1, PR2, and PR3 increased until they reached a stable degree but with different clear patterns due to the various mineral compositions. 
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where M is the average percentage of the diffraction peak intensity of the mineral crystal plane relative to a crystallinity value of 100% [28] . Relative amorphous content of different types of milling products, as calculated through Equation (1), are shown in Figure 5 . With the increase of milling time, the relative amorphous contents of all PR1, PR2, and PR3 increased until they reached a stable degree but with different clear patterns due to the various mineral compositions. The relative amorphous content of the PR2 increased quickly in the first 30 min, which indicated that the milling had severely affected the PR2 structure during the 30 min. Over 30 min, the relative amorphous content stabilized at a value between 33.8% and 40.5%. Compared to the PR2, the amorphous contents of PR3 and PR1 exhibited slower increasing rates in the first 30 min, followed by rapid increases at milling times over 30 min. The PR1 reached stability between 21.7-22.3% after 60 min, whereas the PR3 powder stabilized at 31.3-39.4% at 120 min. The increase in milling The relative amorphous content of the PR2 increased quickly in the first 30 min, which indicated that the milling had severely affected the PR2 structure during the 30 min. Over 30 min, the relative amorphous content stabilized at a value between 33.8% and 40.5%. Compared to the PR2, the amorphous contents of PR3 and PR1 exhibited slower increasing rates in the first 30 min, followed by rapid increases at milling times over 30 min. The PR1 reached stability between 21.7-22.3% after 60 min, whereas the PR3 powder stabilized at 31.3-39.4% at 120 min. The increase in milling time caused the formation of an amorphous layer on the particle surface. With the thickening of the amorphous layer, the transformation of crystalline particles into amorphous ones was hindered and rendered more difficult.
Effects of the Microcrystalline Processing on Granule Morphology of PR Powders
It is commonly known that milling can produce nanoparticles with extraordinary properties [29, 30] . SEM measurements revealed the presence of agglomerates in the micrometer range containing nanoparticles of the raw material PR1, whereas PR2 exhibited a sheet structure ( Figure 6 ). The particle size of raw materials follows this order: PR2 > PR1 > PR3. With the increase of milling time, the particle size and the dispersion of particles of three PR powders were reduced, the distribution of particle size had become uniform, and some flake particles had appeared.
After milling for 30 min, a large number of particles <100 nm appeared in PR2, while the distribution of particle size of PR3 was uniform due to the rough surface of the particles (small visible particles of 60-80 nm), good dispersibility, and no visible agglomeration.
After milling for 150 min, it could be observed that the content of nanoparticles had increased, the distribution of particle size had become narrow, and a higher degree of amorphization, lower dispersion, and sheet-like structure appeared in PR2. The fineness of the PR3 decreased while maintaining good dispersibility and a high content of synusia particles. 
After milling for 150 min, it could be observed that the content of nanoparticles had increased, the distribution of particle size had become narrow, and a higher degree of amorphization, lower dispersion, and sheet-like structure appeared in PR2. The fineness of the PR3 decreased while maintaining good dispersibility and a high content of synusia particles.
EDS shows the main elements of PR1and PR2 were O, P and Ca, the main elements of PR3 were O, Si, Ca, P, Fe (Figure 7 ).
Analysis of the Energy Consumption of the Microcrystalline PR Powders
A longer microcrystalline milling time leads to a higher processing cost because of the higher energy consumption required [7] . Figure 8 reports the energy consumption of the three PR powders as a function of the milling time.
With the increase of milling time, the energy consumption of every ton of qualified PR powder followed an increasing trend (Figure 8) . Furthermore, the processing cost of PR1 was higher than those of PR2 and PR3. The energy consumption values of each ton of qualified PR1, PR2, and PR3 were 5492.0 kWh, 4692.7 kWh, and 4775.0 kWh, respectively. The energy consumption of the PR1 was 17.0% and 15.0% higher than the PR2 and PR3, respectively, which suggested that the efficiency of the microcrystalline equipment was related to the presence of hard minerals as quartz. EDS shows the main elements of PR1and PR2 were O, P and Ca, the main elements of PR3 were O, Si, Ca, P, Fe (Figure 7 ). 
Evaluation of the Prepared Samples for Agricultural Application
Citric acid-soluble P was measured in PR1, PR2, and PR3 ground to varying degrees ( Figure 9 ). With the increase in milling time, the citric acid-soluble P content of the PR1, PR2, and PR3 showed an overall increasing trend. The citric acid-soluble P content values of the PR1, PR2, and PR3 after 150 min were optimal, having reached 50.1%, 234.9%, and 103.9% more than the raw materials, respectively. P, K, and N uptakes of carrot plants were carefully examined (Figure 10a ). Significant differences in the nutrient uptakes by plants could be observed among PRA, PRB, PRC, and control samples. The maximum uptakes of nutrient P, K, and N by PRC were 77%, 36.7%, and 32.2%, respectively, corresponding to increases of 91.3%, 123.0%, and 105.2% of the control sample, respectively. In the case of PRB, P, K, and N were 71.2%, 29.4%, and 24.1%, which increased by 76.7%, 78.5%, and 53.6%, and 51.1%, 36.6%, and 27.7%, respectively, compared with controlling and ordinary PRA. The effect of microcrystalline PR powder in the accumulation of phosphorus in carrot plants was stronger than ordinary PR, making the PR powder a more efficient fertilizer. 
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Citric acid-soluble P was measured in PR1, PR2, and PR3 ground to varying degrees ( Figure 9 ). With the increase in milling time, the citric acid-soluble P content of the PR1, PR2, and PR3 showed an overall increasing trend. The citric acid-soluble P content values of the PR1, PR2, and PR3 after 150 min were optimal, having reached 50.1%, 234.9%, and 103.9% more than the raw materials, respectively. Application of PR powders increased soil available P (Figure 10b ). Three soils samples were collected at the 49th day, 80th day, and 89th day after seeding. Although the contents of available P in PRA were not significantly higher than the control, the available P of soils applied microcrystalline PR powders significantly higher than soil samples of the control and PRA. The data revealed that the microcrystalline process could increase the activation of PR in soil. Adding phosphorus bacteria (PRC) increased the soil available P, but there was no significant difference with PRB. All available P of the treatment at the 80th day was higher than those at the 49th day, but they declined at the 89th day, caused perhaps by the P release of PR affected by soil microbe. It was cold at the 89th day, and the activity of the soil microbe went down. P, K, and N uptakes of carrot plants were carefully examined (Figure 10a ). Significant differences in the nutrient uptakes by plants could be observed among PRA, PRB, PRC, and control samples. The maximum uptakes of nutrient P, K, and N by PRC were 77%, 36.7%, and 32.2%, respectively, corresponding to increases of 91.3%, 123.0%, and 105.2% of the control sample, respectively. In the case of PRB, P, K, and N were 71.2%, 29.4%, and 24.1%, which increased by 76.7%, 78.5%, and 53.6%, and 51.1%, 36.6%, and 27.7%, respectively, compared with controlling and ordinary PRA. The effect of microcrystalline PR powder in the accumulation of phosphorus in carrot plants was stronger than ordinary PR, making the PR powder a more efficient fertilizer.
Application of PR powders increased soil available P (Figure 10b ). Three soils samples were collected at the 49th day, 80th day, and 89th day after seeding. Although the contents of available P in PRA were not significantly higher than the control, the available P of soils applied microcrystalline PR powders significantly higher than soil samples of the control and PRA. The data revealed that the microcrystalline process could increase the activation of PR in soil. Adding phosphorus bacteria (PRC) increased the soil available P, but there was no significant difference with PRB. All available P of the treatment at the 80th day was higher than those at the 49th day, but they declined at the 89th day, caused perhaps by the P release of PR affected by soil microbe. It was cold at the 89th day, and the activity of the soil microbe went down.
Substantial differences in the carrot and plant yields could be observed for the four samples ( Table 2 ). The carrot and plant yields of PRC, PRB, and PRA were up to 232.3 g/three plants, 197.0 g/three plants, and 169.7 g/three plants, respectively. These values increased by 119.7%, 86.3%, and 60.5% compared with the controlling test. The maximum value of the dry weight of the plants was 9.9 g/three plants, which increased 64.4% when compared with the control sample. This showed that the addition of bacteria increased the organic phosphorus in the soil, promoting the absorption of nutrients by the carrot plants, which therefore led to the increase of plant growth and weight [31] . and 51.1%, 36.6%, and 27.7%, respectively, compared with controlling and ordinary PRA. The effect of microcrystalline PR powder in the accumulation of phosphorus in carrot plants was stronger than ordinary PR, making the PR powder a more efficient fertilizer.
Substantial differences in the carrot and plant yields could be observed for the four samples ( Table 2 ). The carrot and plant yields of PRC, PRB, and PRA were up to 232.3 g/three plants, 197 .0 g/three plants, and 169.7 g/three plants, respectively. These values increased by 119.7%, 86.3%, and 60.5% compared with the controlling test. The maximum value of the dry weight of the plants was 9.9 g/three plants, which increased 64.4% when compared with the control sample. This showed that the addition of bacteria increased the organic phosphorus in the soil, promoting the absorption of nutrients by the carrot plants, which therefore led to the increase of plant growth and weight [31] . Substantial differences in the carrot and plant yields could be observed for the four samples ( Table 2 ). The carrot and plant yields of PRC, PRB, and PRA were up to 232.3 g/three plants, 197 .0 g/three plants, and 169.7 g/three plants, respectively. These values increased by 119.7%, 86.3%, and 60.5% compared with the controlling test. The maximum value of the dry weight of the plants was 9.9 g/three plants, which increased 64.4% when compared with the control sample. This showed that the addition of bacteria increased the organic phosphorus in the soil, promoting the absorption of nutrients by the carrot plants, which therefore led to the increase of plant growth and weight [31] . .0 a ± 9.5 9.9 a ± 0.6 * Values are reported as x ± SD, where x is the average value and SD is its standard deviation. The rest of the data in the table is similar, the same below. Different letters in a column indicate statistically significant differences among treatments at the 0.05 level. PRA = ordinary PR powder, PRB = microcrystalline PR powder, PRC = phosphorus bacteria PR powder.
